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ABSTRACT Constitutive expression of the cold-regulated
COR15a gene of Arabidopsis thaliana results in a significant
increase in the survival of isolated protoplasts frozen over the
range of 24.5 to 27°C. The increased freezing tolerance is the
result of a decreased incidence of freeze-induced lamellar-to-
hexagonal II phase transitions that occur in regions where the
plasma membrane is brought into close apposition with the
chloroplast envelope as a result of freeze-induced dehydration.
Moreover, the mature polypeptide encoded by this gene,
COR15am, increases the lamellar-to-hexagonal II phase tran-
sition temperature of dioleoylphosphatidylethanolamine and
promotes formation of the lamellar phase in a lipid mixture
composed of the major lipid species that comprise the chlo-
roplast envelope. We propose that COR15am, which is located
in the chloroplast stroma, defers freeze-induced formation of
the hexagonal II phase to lower temperatures (lower hydra-
tions) by altering the intrinsic curvature of the inner mem-
brane of the chloroplast envelope.

The ability to endure low temperatures and freezing is a major
determinant of the geographical distribution and productivity
of agricultural crops. Even in areas considered suitable for the
cultivation of a given species or cultivar, decreases in yield and
crop failure frequently occur as a result of aberrant, freezing
temperatures. In spite of attempts to minimize damage to
freezing-sensitive crops—primarily by using energy-costly
practices to modify the microclimate—substantial economic
losses resulting from freezing are incurred annually in a diverse
array of agricultural crops.

Only modest increases (1–2°C) in the freezing tolerance of
crop species would have a dramatic impact on agricultural
productivity and profitability. The development of genotypes
with increased freezing tolerance would provide a more reli-
able means to minimize crop losses from freezing stresses and
greatly diminish the use of energy-costly practices to modify
the microclimate. However, there has been little progress in
improving the freezing tolerance of crop species by using
classical plant breeding approaches. For example, the freezing
tolerance of the best wheat varieties today is essentially the
same as the most freezing-tolerant varieties developed in the
early part of this century (1). Currently, there is considerable
interest in the use of genetic engineering techniques for
increasing the freezing tolerance of agricultural crop species.

Since 1985, when Guy et al. (2) first reported that gene
expression is altered during cold acclimation, remarkable
progress has been made in identifying an ever-increasing
number of genes that are regulated by low temperatures (3, 4).
Many of these genes encode hydrophilic polypeptides with

little or no homology with previously described polypeptides.
These include the COR and LTI genes of Arabidopsis thaliana
(5–7), the COR and pao86 genes of barley (8, 9), and the AyES
genes of alfalfa (10). It is widely speculated that these genes
might have roles in freezing tolerance because their level of
expression is correlated positively with the freezing tolerance
of several alfalfa cultivars (11), and the synthesis of the COR
polypeptides coincides closely with increases in freezing tol-
erance (12–14). COR6.6, COR15a, COR47, and COR78 are
among the genes that are most highly induced during cold
acclimation of A. thaliana (3, 4), and the COR polypeptides
have similarities with the ‘‘cryoprotective proteins’’ that re-
portedly protect chloroplast thylakoids from freeze-induced
destabilization in vitro (15, 16).

The first direct evidence that any of the COR genes is
functionally involved in the cold acclimation process was
provided only recently (17). By constructing transgenic lines of
A. thaliana that constitutively express the COR15a gene under
nonacclimating conditions, we discovered that this gene affects
the freezing tolerance of both chloroplasts frozen in situ and
protoplasts frozen in vitro.

Nonetheless, the results were somewhat perplexing. Al-
though constitutive expression of the COR15a gene resulted in
a significant increase in protoplast survival over the range of
25 to 28°C, there was also a small decrease in survival over
the range of 22 to 24°C. Furthermore, the mechanism by
which the COR15a gene increased freezing tolerance was
puzzling because the increase in survival was a manifestation
of an increase in the cryostability of the plasma membrane and
the COR15am polypeptide is located within the chloroplast
stroma. We now present studies of the effect of the COR15a
gene on specific freeze-induced lesions in the plasma mem-
brane and chloroplast envelope that provide (i) an explanation
for both the negative and positive effects on protoplast survival
and (ii) a working hypothesis for the mechanism by which
COR15am increases the cryostability of cellular membranes
and freezing tolerance.

MATERIALS AND METHODS

Plant Materials. A. thaliana (ecotype RLD) plants were
cultivated for 17–20 days as described in ref. 18. Transgenic
plants that constitutively synthesized COR15am were created
by the procedures described in ref. 17.
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Methods. Protoplast isolation and determination of freezing
tolerance were as described in ref. 17 with the modification
that the protoplast suspensions were frozen at the various
temperatures for 2.5 hr rather than 30 min. Freeze-fracture
electron microscopy (FFEM) studies were conducted accord-
ing to the procedures described in ref. 18 with the modification
that the protoplast pellets were frozen at the various temper-
atures for 90 min before cryofixation.

Lipid dispersions for the NMR studies were prepared as
follows. Dioleoylphosphatidylethanolamine (DOPE) in chlo-
roform (Avanti Polar Lipids) was dried in vacuo overnight and
then hydrated at 2°C with 20 mM PipesyKOH (pH 7.4) at 10
wt% in the absence or presence of the COR15am polypeptide
(2 wt%) and then kept on ice overnight. COR15am was
purified by using the procedures described in ref. 19. Lipid
dispersions composed of the major lipid species of the chlo-
roplast envelope (monogalactosyldiacylglycerol, MGDG; di-
galactosyldiacylglycerol, DGDG; sulfoquinovosyldiacylglycer-
ol, SQDG; phosphatidylcholine, PC; and phosphatidylglycerol,
PG) were prepared from lipids isolated and purified from rye
(Secale cereale L. cv Puma) leaves according to the procedures
described in ref. 20.

1H-decoupled 31P-NMR spectra (161 MHz) were obtained
with a Varian VXR-400 spectrometer. Samples were placed in
the spectrometer at 0°C and equilibrated for 10 min. The
temperature was then increased in increments of either 1°C
(Fig. 3) or 5°C (Fig. 5) and equilibrated for 10 min at the
indicated temperatures before recording the spectrum. X-ray
diffraction powder patterns were obtained at the Cornell High
Energy Synchrotron Source (CHESS). Samples were loaded in
the instrument at 220°C and then warmed to the specified
temperatures and equilibrated for 10 min before recording the
powder patterns with an integrated CCD camera.

RESULTS AND DISCUSSION

A comparison of the ‘‘survival signatures’’ (survival vs. freez-
ing temperature) of protoplasts isolated from leaves of the
transgenic COR15a plants (T8 line) with those isolated from
the wild-type RLD demonstrates the negative and positive
effects that expression of the COR15a gene under nonaccli-
mating conditions has on the survival of isolated protoplasts
(Fig. 1A) (17). Over the range of 22 to 24°C, survival of T8
protoplasts was less (6–12%) than that of the RLD protoplasts.
Over the range of 25 to 27°C, survival of the T8 protoplasts
was significantly greater than that of the RLD protoplasts, with
the maximum difference (16% for RLD, 44% for T8) at
25.5°C. Both effects were very reproducible and also observed
with lines of F3 families (obtained by crossing RLD with T8
plants) that either did or did not constitutively express COR15a
(17).

The apparent paradoxical effect of the COR15a gene on
survival can be explained by consideration of the specific
freeze-induced lesions that limit survival. Freezing injury in
protoplasts isolated from nonacclimated leaves of A. thaliana
is the result of two different lesions in the plasma membrane
that occur at different subfreezing temperatures (18).

Over the range of 22 to 24°C, the predominant form of
injury is expansion-induced lysis (EIL), which is a consequence
of the osmotic excursions incurred during a freezeythaw cycle
(21). Freeze-induced osmotic contraction results in endocy-
totic vesiculation of the plasma membrane, and the surface
area of the plasma membrane is decreased. Sufficiently large
area reductions are irreversible, and the protoplasts lyse during
subsequent osmotic expansion during thawing of the suspend-
ing medium.

At temperatures below 24°C, injury is manifested as a loss
of osmotic responsiveness that is the result of freeze-induced
lamellar-to-hexagonal II phase transitions (LOR-HII) that
involve the plasma membrane and various endomembranes—

most often the chloroplast envelope—in regions where they
are brought into close apposition as a result of freeze-induced
dehydration and the removal of water from the surfaces of
membranes (22). Although the protoplasts are osmotically
responsive during freezing of the suspending medium, they are
osmotically unresponsive during subsequent thawing. Osmotic
responsiveness requires maintenance of the physical continuity
and semipermeable characteristics of the plasma membrane.
Freeze-induced formation of the HII phase disrupts both.
Although the HII phase reverts to the lamellar phase and
bilayers are reformed upon rehydration after thawing, the
original membrane individuality is not necessarily restored and
the plasma membrane is likely to become melded with the
endomembranes, especially the chloroplast envelope, such that
leakage of cytoplasmic and organelle contents occurs (see ref.
22).

By comparing the survival signatures of T8 and RLD (Fig.
1A) from a perspective of these two lesions, we hypothesized
that the lower survival of T8 protoplasts over the range of 22
to 24°C was the result of an increased incidence of EIL and
that the higher survival over the range of 25 to 27°C was the
result of a decreased incidence of LOR-HII. Both of these
predictions were directly confirmed.

EIL can be precluded by limiting the extent of osmotic
expansion after thawing of the suspending medium. This is
accomplished by adding a hypertonic solution to the partially
thawed suspension and is referred to as a ‘‘freezeyhypertonic
thaw’’ treatment (23). Whereas survival of protoplasts sub-
jected to a conventional freezeythaw cycle (Fig. 1 A) reflects
the combined incidence of EIL and LOR-HII, survival of
protoplasts subjected to a freezeyhypertonic thaw treatment
(Fig. 1B) is limited only by LOR-HII. The incidence of EIL can
be calculated as the difference in survival between a freezey
hypertonic thaw treatment and a conventional freezeythaw
cycle.

The incidence of EIL at 22, 23, 24, and 24.5°C, which was
calculated from the results shown in Fig. 1 A and B, was indeed

FIG. 1. Freezing tolerance of protoplasts isolated from leaves of
nonacclimated plants of A. thaliana: RLD (E), the wild type, and T8
(F), which constitutively expresses the COR15a gene. Protoplasts were
suspended in either a 0.400 (A and B) or 0.413 (C and D) osmol sorbitol
solution before freezing. (A and C) Survival after a conventional
freezeythaw treatment. (B and D) Survival after a freezeyhypertonic-
thaw treatment. Survival (percentage of the unfrozen control) was
determined by staining with fluorescein diacetate (17). Results shown
are the mean and SD of three experiments.
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higher for T8 protoplasts (18, 33, 34, and 31%) than the RLD
protoplasts (12, 22, 22, and 23%). However, the difference in
the incidence of EIL between T8 and RLD could be eliminated
by increasing the osmolality of the suspending medium in
which the protoplasts were isolated and subsequently frozen
from 0.400 to 0.413 (Fig. 1 C and D). In our initial studies (17),
plasmolysis studies of thin sections of leaves indicated that
0.400 osmol was the optimum tonicity (slightly hypertonic) for
isolation of RLD protoplasts, and it was assumed to be the
same for T8. However, subsequent leaf plasmolysis studies
revealed that the tonicity of the cytoplasm is slightly higher in
T8 and that 0.413 is the optimum osmolality for isolating
protoplasts from T8 leaves. When suspended and frozen in a
0.400 osmol solution, the plasma membrane of T8 protoplasts
will undergo larger surface areal changes during freezeythaw-
induced osmotic contractionyexpansion and increase the in-
cidence of EIL (21). Thus, the negative effect (i.e., an in-
creased incidence of EIL) observed with T8 protoplasts in the
initial studies (17) when the protoplasts were suspended in a
0.400 osmol solution is an artifact due to the T8 protoplasts not
being suspended in a solution of the appropriate osmolality.
The reason for the small difference (0.013 osmol) in the
intracellular osmolality is not known at this time.

A comparison of the survival signatures of RLD and T8
protoplasts suspended in a 0.413 osmol solution (Fig. 1C) or
after a freezeyhypertonic thaw treatment (Fig. 1 B and D)
demonstrates the positive effect of expression of the COR15a
gene on freezing tolerance. Over the range of 24.5 to 27°C,
survival of T8 protoplasts is greater than that of RLD because
of a decrease in the incidence of LOR-HII. As a result, the
survival curve is shifted by ;1°C. The fact that the increase in
survival occurred only over a limited range is not unexpected.
With RLD protoplasts, the incidence of LOR-HII, which limits
the maximum freezing tolerance of nonacclimated leaves,
increases from ,10% to .90% between 24 and 26°C (Fig. 1
B and D). Most important, the increased survival over the
range of 24.5 to 27°C is not unique to isolated protoplasts and
also is observed in excised leaves (M.U. and P.L.S., unpub-
lished results).

FFEM studies have provided direct confirmation that the
increased survival of the T8 protoplasts was associated with a
decreased incidence of freeze-induced formation of the HII
phase. The HII phase is a three-dimensional array of inverted
cylindrical micelles that is characterized by periodicity in the
two dimensions normal to the long axis of the cylinders.
Formation of the HII phase is an interbilayer event and is
observed most often in regions where the plasma membrane is
brought into close apposition with the chloroplast envelope as
a result of freeze-induced dehydration. (The thylakoids have
never been observed to be involved.) However, because the HII
phase is a nonlamellar phase, it does not occur in either the
plasma membrane or chloroplast envelope per se. Participa-
tion of the plasma membrane and the chloroplast envelope in
the formation of the HII phase is evident in Fig. 2A in which
regions of the envelope and plasma membrane appear to be
contiguous with the HII domain.

A

B

FIG. 2. FFEMs of protoplasts isolated from leaves of nonaccli-
mated seedlings (17–20 days old) and suspended in a 0.40 osmol
sorbitol solution and frozen to 26°C for 90 min. (A) Protoplasmic
fracture face of the plasma membrane (pm) of a T8 protoplast showing
a typical, lamellar region, which is characterized by a random distri-
bution of intramembranous particles, melding into a region where the
HII phase has formed. The plasma membrane, which also contains

numerous aparticulate domains (apd), is overlaying the chloroplast
envelope (ce) with the HII phase appearing in localized regions. Two
other ultrastructural morphologies are commonly observed to be
associated with freeze-induced formation of the HII phase in biological
cells: well-ordered striations in the plasma membrane (pm-st) and the
chloroplast envelope (ce-st) and loosely ordered swirls. V, vitreous
layer of unfrozen suspending medium; i, ice. (Magnification: 335,700;
bar represents 0.5 nm; arrow indicates direction of shadowing). (B)
High magnification (365,200) micrograph of an RLD protoplast
illustrating the tightly packed cylinders that are characteristic of the
HII phase (HII), the well-ordered striations (pm-st), and the loosely
ordered swirls (pm-sw). (Bar represents 0.25 nm; arrow indicates
direction of shadowing).
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In addition to the tightly packed cylinders characteristic of
the HII phase, two other ultrastructural morphologies are
commonly observed to be associated with freeze-induced
formation of the HII phase: well-ordered striations and loosely
ordered swirls in regions of the plasma membrane and chlo-
roplast envelope (Fig. 2) (18, 22, 24). The origin of the swirls
and striations is not known; however, it is possible that they are
intermediate stages in the lyotropically induced lamellar-to-
hexagonal II phase transition (23, 24).

The incidence of the HII morphologies determined in the
FFEM studies closely paralleled the protoplast mortality at-
tributed to LOR-HII in both RLD and T8 (Table 1). Also, the
frequency of occurrence of the various ultrastructural mor-
phologies induced by freeze-induced dehydration at a partic-
ular temperature was different for RLD and T8 protoplasts.
Although the frequency of tightly packed cylinders increased
with decreasing temperature in both RLD and T8, at any
particular temperature, they occurred at a much higher fre-
quency in the RLD protoplasts. Also, the frequency of the
various morphologies in RLD at 25°C was similar to that of
T8 at 26°C. That is, the incidence was shifted by ;1°C, which
is the same magnitude of the shift in the survival signature
(Fig. 1).

What Is the Mechanism by Which the COR15a Gene De-
creases the Incidence of Freeze-Induced Formation of the HII

Phase? The COR15a gene encodes a 15-kDa polypeptide,
COR15a, that is targeted to the chloroplast (5). During import
into the chloroplast, the signal sequence is removed resulting
in the mature (9.4 kDa) polypeptide designated COR15am. On
first consideration, it is very puzzling how COR15am, which is
located in the chloroplast stroma, can minimize the incidence
of freeze-induced formation of the HII phase, which is an
interbilayer phenomenon that involves the chloroplast enve-
lope and the plasma membrane and other membranes that are
exterior to the chloroplast envelope. As a working hypothesis,
we propose that: (i) the onset (freezing temperature) of the
formation of the HII phase is determined by the membrane that
has the greatest propensity to form the HII phase, i.e., the
‘‘weak link’’ in the ensemble. In our FFEM studies (18, 22,
24–26), the chloroplast envelope, which is comprised of an
inner and outer membrane, and the plasma membrane are
most often involved in freeze-induced formation of the HII
phase. If the inner membrane of the chloroplast envelope is the
weak link in the ensemble, then COR15am, which is located
within the chloroplast stroma (5), could decrease the incidence

of the HII phase by affecting only the propensity of the inner
membrane of the chloroplast envelope to form the HII phase.

The supposition that the inner membrane of the chloroplast
envelope is the ‘‘weak link’’ in the ensemble that undergoes the
lamellar-to-hexagonal II phase transition derives from an
analysis of the lipid composition of the inner and outer
membranes of the chloroplast envelope of rye (27). MGDG,
which has a very high propensity to form the HII phase,
comprises 48 mol% of the total lipids in the inner membrane,
but only 20 mol% in the outer membrane. The proportion of
PC, which would stabilize the bilayer configuration and de-
crease the propensity to form the HII phase, is much lower in
the inner (8 mol%) than in the outer (32 mol%) membrane.
The proportion of DGDG, which also has a low propensity to
form the HII phase, is similar in both (30 mol%). Thus, the
ratio of nonbilayer to bilayer-forming lipids (MGDG:DGDG
1 PC) is 1.21 in the inner membrane and 0.32 in the outer
membrane. This difference in the lipid composition of the
inner and outer membranes of the chloroplast envelope also
occurs in spinach (28) and pea (29). A priori, there is no reason
to suggest that A. thaliana is any different.

31P-NMR studies of the phase behavior of lipid mixtures
composed of the major lipid classes that comprise the chlo-
roplast envelope (MGDG:DGDG:SQDG:PC) in proportions
similar to those present in the outer and inner membranes have
confirmed that the inner membrane has a greater propensity
to form nonlamellar phases than does the outer membrane
(30).

(ii) The COR15am polypeptide, which is predicted to be
composed largely of amphipathic a-helical regions (5, 31),
alters the intrinsic curvature of the monolayers that comprise
the inner membrane of the chloroplast envelope such that its
propensity to form the HII phase is decreased and deferred to
lower freezing temperatures (lower hydrations). This suppo-
sition is based on reports that amphipathic polypeptides that
form an a-helix can have a strong effect on the intrinsic
curvature of monolayers and that a shift in the lamellar-to-
hexagonal II phase transition temperature (Tbh) is an ex-
tremely sensitive test of an effect on monolayer curvature (32).

To test this hypothesis experimentally, we first conducted
31P-NMR studies of the effect of COR15am on the Tbh of
DOPE. In these studies, the onset of the Tbh occurred between
4.7 and 5.6°C, with the proportion of the lipid in the HII phase
increasing between 5.6 and 10.5°C (Fig. 3A). When the DOPE
liposomes were prepared in the presence of COR15am, the

Table 1. Protoplast mortality and the incidence of the HII phase (tightly packed cylinders) and
associated ultrastructural morphologies (well-ordered striations and loosely ordered swirls) in
protoplasts isolated from leaves of nonacclimated RLD and T8 plants

RLD T8

25.0°C Protoplast mortality (LOR-HII) 65% 44%
Incidence of HII morphologies 63% (32y51) 37% (33y89)

loosely ordered swirls 33% (17y51) 26% (23y89)
well-ordered striations 33% (17y51) 15% (13y89)
tightly packed cylinders 22% (11y51) 7% (6y89)

25.5°C Protoplast mortality (LOR-HII) 83% 56%
Incidence of HII morphologies 76% (82y108) 57% (100y176)

loosely ordered swirls 15% (16y108) 45% (80y176)
well-ordered striations 22% (24y108) 17% (30y176)
tightly packed cylinders 44% (47y108) 9% (16y176)

26.0°C Protoplast mortality (LOR-HII) 87% 74%
Incidence of HII morphologies 91% (19y21) 74% (84y113)

loosely ordered swirls 62% (13y21) 44% (50y113)
well-ordered striations 67% (14y21) 42% (48y113)
tightly packed cylinders 52% (11y21) 21% (24y113)

Protoplast mortality (LOR-HII) was calculated from the survival data after a freezeyhypertonic thaw
treatment shown in Fig. 1B. The number before the slash represents the number of protoplasts in which
the particular morphology was observed; the number after the slash represents the total number of
protoplasts observed.
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onset of the Tbh occurred between 7.3 and 8.1°C, with the
proportion of the HII phase progressively increasing between
8.1 and 10.5°C (Fig. 3B). Thus, COR15am increased the onset
Tbh of DOPE by ;2°C, which was similar in magnitude to both
the shift in the survival signature of the T8 protoplasts relative
to that of the RLD protoplasts (Fig. 1) and the shift in the
incidence of the freeze-induced formation of the HII phase
determined in the FFEM studies (Table 1). We observed no
effect of BSA when it was included at the same concentration
that was used for COR15am.

X-ray diffraction studies revealed that COR15am also in-
creased the hexagonal lattice spacing of the HII phase of DOPE
between 5 and 15°C (Fig. 4). In these studies, the onset Tbh of
DOPE was 3.6°C in the absence and 4.9°C in the presence of
COR15am.

We next determined the effect of COR15am on the phase
behavior of a complex mixture composed of the major lipid
species in the inner membrane of the chloroplast envelope. At
0°C, the 31P-NMR spectrum (Fig. 5A) of this mixture consisted
of a broad peak between ;12 and 26 ppm and appeared to be
a composite of several phases (lamellar, nonlamellar, and
possibly cubic), which is commonly reported for mixtures of
MGDG:DGDG and the lipid extract of chloroplasts (33–36).
Cullis et al. (37) have suggested that a symmetrical peak that
is intermediate between the peaks of the lamellar (from 22 to
26 ppm) and the HII phase (from 15 to 18 ppm) but not as
narrow as one from a pure cubic phase or small vesicles can be
due to isotropic motion averaging of lipids primarily in a
bilayer configuration experiencing rapid exchange with a small
proportion of lipids in micelles or the cubic phase.

When the liposomes were prepared in the presence of
COR15am, the 31P-NMR spectrum at 0°C (Fig. 5B) was
characteristic of the lamellar phase (a high-field peak from 22
to 26 ppm and a low-field shoulder from 25 to 35 ppm) (38).
In addition, a narrow, isotropic motion peak at 10 ppm, which

FIG. 4. X-ray diffraction measurements of the hexagonal lattice
spacing of the HII phase formed by DOPE in Pipes buffer (20 mM, pH
7.4) in either the absence (E) or the presence (F) of the COR15am
polypeptide (2 mgy10 mg DOPE).

FIG. 5. 31P-NMR spectra of a mixture of the major lipid species
present in the chloroplast envelope (MGDG:DGDG:SQDG:PC:PG)
in proportions (50:30:5:10:5 mol%) that resemble the inner membrane
of the chloroplast envelope of rye leaves (27) in either the absence (A)
or the presence (B) of the COR15am polypeptide (1 mgy10 mg lipid)
at 10°C intervals from 0–40°C.

FIG. 3. 31P-NMR spectra of DOPE suspended in Pipes buffer in either the absence (A) or the presence (B) of the COR15am polypeptide (2
mgy10 mg DOPE) at temperatures below and above the Tbh. The spectrum for the lamellar phase is characterized by a high-field peak from 22
to 26 ppm and a low-field shoulder from 25 to 35 ppm (e.g., the spectrum at 3.9°C) and the spectrum for the HII phase is characterized by a low-field
peak from 15 to 18 ppm and a high-field shoulder from 23 to 25 ppm (e.g., the spectrum at 10.5°C) (38).
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may be the result of a small proportion of the lipid in either the
cubic phase, inverted micelles, or small vesicles, also was
observed. Thus, upon hydration, the lipid mixture formed a
mixture of lamellar and nonlamellar phases; however, addition
of COR15am stabilized the lipid mixture in the lamellar phase.

COR15am also affected the thermotropic phase behavior of
the inner membrane lipid mixture during heating (Fig. 5).
After heating to 40°C, the 31P-NMR spectrum of the lipid
mixture without the COR15am polypeptide (Fig. 5A) consisted
of a narrow, nearly symmetrical peak at 9 ppm, which is
characteristic of isotropic motion averaging of lipids in either
the cubic or inverted micellar phase (38). In contrast, when the
lipid mixture containing COR15am was heated, the lamellar
phase was still present at 40°C (Fig. 5B). Collectively, the
results of the NMR and x-ray diffraction studies support the
hypothesis that COR15am alters the intrinsic curvature of the
inner membrane of the chloroplast envelope.

These studies establish that expression of the COR15a gene
decreases the propensity for freeze-induced formation of the
HII phase (LOR-HII)—the lesion that limits the freezing
tolerance of nonacclimated leaves of A. thaliana and winter
cereals (rye, wheat, barley, and oat). In these species, the
propensity for freeze-induced formation of the HII phase is
decreased during the initial stages of cold acclimation such
that LOR-HII does not occur in cold-acclimated leaves (22).
Although the COR15a gene is involved in this process other
factors also must be involved. Whereas LOR-HII is completely
precluded after cold acclimation, constitutive expression of the
COR15a gene only defers the occurrence of the freeze-induced
formation of the HII phase to lower temperatures. Alterations
in membrane lipid composition and the accumulation of sugars
also contribute to the decreased propensity for formation of
the HII phase (22). It also is possible that other COR genes are
involved.

Obviously, transformation with the COR15a gene will have
little effect on the maximum freezing tolerance of species that
undergo moderate to large increases in freezing tolerance
during cold acclimation (e.g., oat, barley, wheat, rye). Never-
theless, transformation with the COR15a gene may increase
their tolerance to freezing in early fall or late spring when their
freezing tolerance is limited by LOR-HII.

More important, these findings have potential application
for increasing the freezing tolerance of crop species in which
LOR-HII limits maximum freezing tolerance, e.g., extremely
frost-sensitive species that undergo little, if any, increase in
freezing tolerance. With such species, the construction of
transgenic plants that express the COR15a gene could result in
an increase in freezing tolerance that is of practical signifi-
cance—even if it is only 1–2°C. Such species, however, must
first be identified. So, just as elucidation of the role of the
COR15a gene in the cold acclimation process has required the
identification of specific lesions that limit freezing tolerance, so
too will the development of rational strategies for the use of
molecular biology approaches to improve the freezing toler-
ance of agricultural crop species.
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